ABSTRACT: Using an indirect and integrated approach, we quantified the magnitude and temporal variabiiity of the contribution of macrozoobenthos to the upward flux of inorganic nitrogen and phosphorus on a sandy tidal flat of the Seto inland Sea, Japan. From Apnl1994 to April 1996, we conducted monthly field surveys on the abundance and faunal composition of the macrozoobenthic communities inhabiting the lower part of the intertidal zone. Subsequently, we carried out 24 h day/night laboratory experiments on the nutrient excretion rate by various size-classes of the dominant species. We then obtained the animal nutrient excretion over a 2 yr period, muitiplying the species-specific excretion rates by the actual animal biomass found on the tidal flat. Additionaliy, for ali different seasons, we calcuiated the upward diffusive flux from the sediments from the vertical profiies of nutrient concentrations in the porewater. On the flat, the bivalves Ruditapes phihppinarum (Veneridae) and Musculista senhousia (Myhhdae) were dominant, making up 86 I 5.6 % when the total biomass exceeded 100 g DW (dry weight) m-'. From our laboratory experiments, the mean (day and night) nutrient excretion rates at 20 to 22OC by the 2 bivalve species were 18.9 p n o l NH4+-N g-' DW h-I, 4.8 pnol (NO3-+ NO2-)-N g-' DW h-' and 3.3 pmol P043--P g-' DW h-I. ln addition, NH4+-N excretion by R. phiiippinarum, but not that by M. senhousia, was significantly higher during the day than during the night. This occurred while the food (Thalassiosua sp.) offered in spikes was rapidly taken up irrespective of the concentration (within a field relevant spring-summer range of 10 to 60 pg T' chl a) andin day/night treatments. The release of nitrogen (N) and the release of phosphorus (P) were highly correlated with each other, for both R. philippinarum and M. senhousia, with a N/P ratio of 7.8 ? 3.0 and 9.9 * 3.5, respectively. In the field, the bivalve excretion rates of nutrients were calculated to be up to 35.2 mmol NH4+-N m-' d-I, 8.8 mrnol (NO3-+ NO2-)-N m-' d-' and 5.8 mmol P O~~--P m-' d-'. These values rank in the upper range of nutrient excretion by intertidal macrozoobenthos and are comparable to those found on dense assemblages (800 to 2000 g ash free DW m-') of the most investigated mussel, Mytzius eduiis. In addition, nutrient fluxes through bivalve excretion varied strongly within a few months, up to 10-fold (R. philippinarum) and 100-fold (M. senhousia) between April 1994 and August 1994, as related to the temporal change of bivalve standing stock. The extent of nutrient regeneration through diffusive flux was comparable to that reported for other intertidal zones of Japan and in the eutrophic Seto Inland Sea, within a range of 0.2 to 1.5 mmol NH4+-N m-' d-' and 0.01 to 0.05 mmol P043--P m-' d-I, thus more than 1 order of magnitude lower than that due to the excretory activity by R. phiiippinarum and M. senhousia. Our resuits indicate that the dominant bivalves, R. phihppinarum and M. senhousia, play a major role in the processes of benthic nutrient regeneration within the intertidal zone, rapidly and efficiently recycling the inorgahc forms of N and P avaiiable to primary producers. This study highlighted the importance of considering the temporal scaling of intertidal macrozoobenthos distribution in the quantification of the processes of benthic nutrient regeneration in these highly variable Systems.
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INTRODUCTION
marine ecosystems (Rowe et al. 1975 , Nixon 1981 , Klump & Martens 1983 . It has been shown that the Benthic nutrient regeneration is a major driving macrozoobenthos, particularly dense assemblages of force in the dynamics of biophilic elements in coastal bivalves, play a fundamental role in these processes through their excretory products (Jordan & Valiela quantify such a role, several studies have been conducted in the last 15 yr on the animal excretory activity through laboratory and mesocosm experiments (Doering et al. 1987 , Nakamura et al. 1988 , Kiibus & Kautsky 1996 , in situ benthic chambers and sediment core incubations (Yamada & Kayama 1987 , Gomez-Parra & Foja 1993 , Yamamuro & Kolke 1993 , and Open flow systems (Dame et al. 1984 , Asmus et al. 1990 , 1994 , Prins & Smaal 1990 ). In the field, a comrnon approach includes the quantification of the total upward flux of nutnents from the sediments and the subsequent estimation of the relative contnbution of animal excretion. This requires additional information on species composition and animal biomass in the substrate and animal species-specific excretion rates and/or respiratory metabolism (Murphy & Kremer 1985 . However, uncertainty about the actual contribution of animal excretion to the total flux may still remain due to the additional effect of local variables. These include nutrient release due to microbial mineralization of vegetative detritus (Falcao & Vale 1990 ) and anirnal biodeposits (Hennksen et al. 1983 , Gardner et al. 1993 , Smaal & Zurburg 1997 . The nutrient release from sediments may also be enhanced by bioturbation and irrigation currents due to benthic infauna species (Callender & Hamrnond 1982 , Hennksen et al. 1983 , Yamada & Kayama 1987 , Aller 1988 , Luther et al. 1998 ). In contrast, the extent of excretory processes may be underestimated due to microalgal (Rizzo 1990 , Sundbäck et al. 1991 , Risgaard-Petersen et al. 1994 or, usually to a smaller degree, in situ bactenal (van Duyl et al. 1993 ) nutrient uptake. Further, a factor which has been given httle attention in quantifying the animal contnbution to the processes of nutrient regeneration is the temporal variability of the macrozoobenthic communities. In intertidal zones, major studies on the release of nutnents by dense populations of bivalves have been based on 1 (Dame et al. 1984 , Dame & Dankers 1988 or relatively few sampling occasions (Pnns , Smaal & Zurburg 1997 . Other studies have investigated the year-round seasonal variation of animal nutrient excretion through in situ chamber incubations (Yamada & Kayama 1987 , Boucher & Boucher-Rodoni 1988 , Schlüter & Josefsen 1994 . However, experimental animals were used in short period incubations and no or little information on the actual animal composition and biomass in the specific study area was given. Extended information on the temporal change of natural populations of intertidal macrozoobenthos is often neglected, but this might be fundamental in assessing the role of macrozoobenthos in the year-round processes of nutrient regeneration within the intertidal Zone. Strong temporal change of animal standing stock may possibly surpass the effect and importance of variation in excretion rate due to animal physiological factors, such as seasonal cycles of gametogenesis, Storage and utilization of body reserves, and water temperature (Bayne & Scullard 1977 , Schlüter & Josefsen 1994 ).
This study is part of a multidisciplinary project which aims to quantify the cycling of biophilic elements (C, N, P, Si) in a tidal estuary of the Seto Inland Sea, Japan, and to assess the role of macrozoobenthos in this cycling. As an initial phase of this project, we quantified the standing stock of intertidal microphytobenthos and estimated its primary production (Magni & Montani 1997) . Further, we assessed the short-term (24 h) and seasonal (2 yr) variability of the water chemistry along the estuary , Magni & Montani 2000 . In parallel, we conducted field surveys, on both the intertidal and the subtidal zones, to evaluate the factors controlling the spatiaVtempora1 variability of the autochthonous macrozoobenthic communities .
In the present work, we aimed to quantify the magnitude and temporal scaling of upward flux of NH4+-N, (NO3-+NO2-)-N and P 0 4 3 --~ from intertidal sediments due to the excretory activity of macrozoobenthos and to evaluate its relevance in the cycling of the inorganic forms of 2 major bioelements such as N and P. Our indirect and integrated approach included laboratory measurements of nutrient excretion rates by 2 dominant bivalve species (Ruditapes philippinarum and Musculista senhousia). These rates were applied to a field (community) situation on a tidal flat, where we investigated the faunal composition and temporal distribution of macrozobenthos over a 2 yr period.
MATERIALS AND METHODS
Bi-annual field survey. We conducted the field survey on an intertidal flat in the Seto Inland Sea, southWestern Japan (Fig. 1) . The sediment in our study area is sandy, *th a mud fraction (~0 . 0 6 3 pm) lower than 2 % (Magni & Montani 1997) . Sampling was carried out at low tide from April 1994 to April 1996, fortnightly (May 16 and 30, and September 7 and 29, 1995) to monthly (the other periods). At each occasion, we recorded the temperature of emerged surface sediment and ebbing water (ca 40 cm depth) (Stn H1, Fig. 1 ). The temperature values of both ebbing water and surface water at an adjacent subtidal station (Stn Y3, Fig. 1 ) are those from an associated piece of work (Magni & Montani 2000) . We assumed the latter measurement to be the water temperature on the intertidal flat dunng the sediment emersion (ca 20 h d-'). For the determination of the macrozoobenthos, we set a transect line of 5 stations (Stns B5 to BI, Fig. 1 ) between the LWL (low water level) and the ELWS ,m 1 Tsurneta River Kasuga River Shin River I Fig. 1 . Study area and location of the sampling stations. Stn H1 (mean water depth of 40 cm at low tide) was set at an ebbing tidal creek close to the 5 emerged intertidal stations (Stns B5 to B I ) where the macrozoobenthos was coilected. Stn Y3 was set at the innermost part of an adjacent subtidal Zone (extreme low water spring tide). At these stations, we collected duplicate sediment samples using a 10 cm3 stainless steel core and sieved them on a mesh size of 1 mm. The residue was fixed in a Rose Bengal 10 % formalin solution for the determination of the macrozoobenthos ('large' macrofauna). In the laboratory, the macrozoobenthos was separated from the residue and transferred into a 75% ethanol and 2.5% ethyleneglycol solution. The anirnals were sorted and counted under a stereo-microscope (Olympus, Wild M3Z). They were weighed as a total wet weight (W), including the shell for bivalves. The total biomass of Ruditapes phiiippinarum and MuscuLista senhousia from each sample was then transformed to a dry weight (DW) biomass of the soft tissues using the equations descnbed in the next section. The DW biomass of polychaetes and that of other rninor and/or uncommon taxa was calculated as 20 % of their W biomass (Ricciardi & Bourget 1998) . Through the 2 yr field work, we conducted 27 sampiings and collected 131 samples in duplicate (Stn B1 was not sampled in August and September 1994 and March and April 1995) . In the present study, we report the mean density and biomass of macrozoobenthos collected at Stns B5 to B1 as representative of the monthly natural abundance and faunal composition on the intertidal flat under investigation. Bivalve lengthlsoft tissue relationship. From the intertidal flat where we carried out the bi-annual field survey, we collected randornly in different seasons a total of 291 and 155 individuals of Ruditapes philippinarum and Muscuiista senhousia, respectively. In the laboratory, the length of each anirnal was measured to the nearest 0.1 mm with a digital caliper and the total weight (live animal) was determined. A i l specimens were then depurated in filtered (Whatman GF/F) sea water, with no sediment, for 6 to 8 h. After this operation, the soft tissues of each animal were removed from the shell, gently dried on blotting paper and weighed (wet weight). Subsequently, the soft tissues were freeze dried and weighed again to the nearest 1 mg DW. For each bivalve species, we obtained a linear equation of the plots of total weight versus DW soft tissues from all samples (Fig. 2a,b) . We used these equations to calculate the DW bivalve biomass of the animal samples collected during the field survey, as 3.6 and 4.7 % of the total (live) weight for R. phiiippinarum and M. senhousia, respectively (Fig. 2a,b) .
Laboratory experiments: experimental setup and procedure. Subsequent to the field survey, on May 9-10 and September 6-7, 1996, we conducted laboratory experiments on the nutrient excretion rate by the dominant species, such as the bivalves Ruditapes philippinarum and Musculista senhousia (See 'Results'). On both occasions, the experiment consisted of 2 successive treatments lasting 10 h each. The first treatment was carried out during the day, the second one at night. A 2 h interval elapsed between treatments.
We employed 25 cm high X 15 cm 0 PVC aquaria provided with an output pipe (15 mm length, 5 mm 0) at their base. An upper removable Cover was connected to a Silicone tube (5 mm 0) for the bubbling air supply. The incoming air was passed through a 0.45 pm filter (Ekicrodisc) to avoid contarnination from impunties. Aquaria and sampling materials were cleaned with 1 N HC1 for 1 d prior to use. Sandy surface sediment, subsurface water (salinity 30 psu) and animals used in the experiments were collected from the Same tidal flat as those in our field survey. The sediment was sieved and sorted to a grain size of 250 pm < 0 < 1 mm, washed, dried at 160°C for 20 h, and at heated to 500°C for 2 h, to remove the organic matter. The water was filtered first through 0.7 pm glass fiber filters (Whatman GF/F) and then through 0.45 pm filters (Millipore HA). The animals were collected 20 h prior to each experiment. They were cleaned and measured for length and total wet weight. Subsequently, they were depurated in separated buckets containing filtered sea water with no sediment for 6 to 8 h. Eight hours before the experiments, the sorted sediment was washed in filtered sea water and placed into each aquarium (5 cm thickness). Within the aquarium, the output pipe was fitted with a 100 pm plankton net to avoid loss of sediment during water changing operations. Subsequently, 1 1 of filtered sea water was added and aerated, and animals of similar size were homogeneously distributed within the aquarium to acclimatize (no food was given). On each occasion, an aquarium with sediment and filtered sea water but no animal was used as a control. Two hours before starting the experiments, the water was simultaneously discharged from the bottom output of ail aquaria. The animals were not removed and a low tide condition was kept until the start. This was to simulate the field situation, where we calculated that there was approximately 2 h of sediment emersion for each tidal cycle (rnixed-semidiurnal type). At the start of each experiment, 2.5 1 of new filtered water were gently added from above, paying attention not to disturb the sediment. Within about 10 min, a high tide condition was reached. A known amount of phytoplankton was then introduced as a spike into each aquarium. We used Thalassiosira sp. as a food, which had been cultured in enriched medium containing 120 mg 1-' NaN03 (1.41 mmol), 5 mg 1-' K2HP0, (0.029 mmol) and 33 mg 1-' NaSi03.9H20 (0.27 mmol). The phytoplankton spike was concentrated in 5 ml of medium to lirnit the artificial increase of nutrient concentrations during the Course of the experiments. After the spike of food, the water colurnn was gently mixed to homogeneously distribute the phytoplankton. Immediately after, 80 ml water sainples were collected from each aquarium. A subsample of 50 ml was filtered through 0.7 pm glass fiber filters (Whatman GF/F) for chlorophyll a (chl a) determination. Three additional subsamples were collected (10 ml each), 2 were filtered (0.45 pm) and stored at -20°C for the determination of nutrients in the dissolved phase. The third sample was irnmediately fixed in 1 % neutral formaline solutlon for phytoplankton cell counting. Sampling was carried out every 2 h. In addition, a sample for chl a determination and cell number counting was taken 30 min after the spike. In each aquarium, a second spike of food was given after 6 h. At this time, water samples were coilected just before and after introduction of the food to take into account possible artificial increase in nutrient concentrations due to the addition of phytoplankton culture medium. After the 10 h day (light) treatment, the remaining water in each aquarium (ca 80 % of the initial volume) was slowly discharged from the output. A low tide condition was re-established for ca 2 h (as before the start of the experiment). The bivalves were not removed so that there was continuity from the day to the night (dark) treatment, which was carried out in the Same way as the day treatment. At the end of the night treatment, the animals were removed from the sediment and depurated. Then, their soft tissues were separated from the shell, freezedried and weighed to determine the animal DW, as described above.
Sample analysis. Chl a was extracted in 90 % acetone solution and spectrophotometrically analyzed according to Lorenzen's (1967) method, as described by Parsons et al. (1984) . Ce11 Counts were performed on 0.1 ml subsamples in triplicate. The linear regression was represented by the equation chl a = 0.01 X cell Count + 3.6, r2 = 0.908 (P < 0.001, n = 40, plots not shown). Nutrient concentrations [NH4+-N, (NO3-+NO2-)-N and P043--P] were determined with a Technicon autoanalyzer 11, according to Strickland & Parsons (1972) .
Calculation of bivalve excretion rate. The nutrient concentrations measured during the Course of each treatment were corrected according to the change in nutrient concentrations in the control and a possible artificial increase after each spike (see above). Each value was then multiplied by the water volurne at the sarnpling time and divided by the total DW biomass of the experimental bivalves. Thus, the nutrient concentrations measured at regular 2 h intervals from time 0 to time 10 h were normalized with respect to anirnal biomass in each aquarium and expressed as p o l mg-' DW. A simple linear regression was then obtained for the nutrient concentrations so calculated. The bivalve nutrient excretion rate ( p o l g-' DW h-') was calculated for each size-class and day/night treatments from the relevant regression line after statistical analysis for significance (see below).
Vertical profile of nutrients in the porewater and calculation of diffusive fluxes. On the intertidal flat, we additionauy collected emerged sediment samples at 7 to 8 sites at Stn B5 using an acrylic core tube (3 cm inner diameter) gently pushed by hand into the sediment. The surface (0-0.5 cm), the sub-surface (0.5-2 cm) and deeper layers (each of 1 cm thickness to a depth of 10 Cm) of the sedirnents were carefully extruded and sliced. Sediment samples from the Same layer were pooled together and brought to the laboratory within 2 h for further treatment and chemical analysis (Magni 1998) . This included the determination of sediment porosity, as measured by the water content (obtained after drying sediment subsamples at 105°C for 20 h). The remaining sediment was then centrifuged at 3000 rpm (1000 X g) for 20 min. The extracted porewater was filtered on disposable filters (0.45 pm) fitted to a 10 ml syringe. The filtrate was stored at -20°C for nutrient analysis, which was carried out within 2 to 3 wk. Some samples from the surface layer were not analyzed for aU nutrient species due to an insufficient amount of extracted porewater. In the present study, we limit the presentation of results to the uppermost 5 cm of the sediment samples collected in January, April, July and October 1995. We will present in a subsequent paper a more detailed description of the seasonal change of nutrient concentrations in the porewater of intertidal sediments on the tidal flat under investigation (Magni et al. unpubl.) .
We calculated the upward fluxes of nutrients using the diagenetic model (Fick's first law) described by Berner (1980) , according to the following equation:
where JD is the diffusive flux (rnrnol m-2 d-'), 4 is the porosity of the sediment (0.68 to 0.73), Ds is the diffusion coefficient, C is the concentration in the porewater and X is the depth of the sediment. For Ds we used 9.8 X 10-6 cm2 s-' and 3.6 X 10-6 cm2 s-' for ammoniurn and phosphate, respectively (Krom & Berner 1980) . Statistical analysis. Statistical analysis was carried out using the MSTAT-C statistical package. A simple linear regression (e.g. bivalve nutrient excretion rate, diffusive flux from the vertical profiles of nutrient concentrations in the porewater) and a 2-way ANOVA (i.e. day/night food uptake) were used to test the significance of the results. To evaluate differences in bivalve nutrient excretion between day and night treatments, the data sets were subjected to ANOVA in a 2 factor randomized complete block design, using the day/ night variable as a factor A, the time (hour) variable as a factor B and the size-classes of each bivalve species as replicates.
RESULTS

Bi-annual field survey
The temperature of emerged surface sediment varied from 2.8 (December 1995) to 30.8"C (July 1994) (Stns B5 to BI, Fig. 3 ). It closely approximated the temperature of surface ebbing water, which varied from 3.6 to 32.2OC (December 1995 and July 1994, respectively) (Stn HZ, Fig. 3 ). At Stn Y3, the seasonal varia-. tion of temperature was more restricted, varying from 8.0 (February 1996) to 26.4OC (July 1994) (Fig. 3) . mer and autumn-winter periods was remarkable (Fig. 4) . In most cases, > 96 % of the food (Thalassiosira housia (p > 0.05, n = 36) (Fig. 5) . In contrast, in the control, the decrease of chl a content was much slower and not more than 30 % of the initial content after 4 to 6 h (Fig. 5) . Accordingly, the in-(light) and night (dark) situation (Table 2) . A comparicrease of chl a content in the control after the second son between day and night excretion rates indicated spike was proportionaily cumulative to the amount of no statistically significant differences in M. senhousia. food supplied with the first spike (Fig. 5) .
In contrast, we found that R. philippinarum excreted In all light/dark treatments, the excretion of ammo-45 % more ammonium during the day than dunng the nium and phosphate by both Ruditapes philippinarum night (p < 0.001, n = 36). In the control, ammonium and and Muscdisca senhousia indicated a rapid increase of phosphate concentrations remained low (Fig. 5) . The concentrations since the second sampling (i.e. 2 h after excretion of nitrate+nitrite by bivalves was in most the start) (Fig. 5) . Such an increase was significantly cases not significant or much lower than that of ammoconstant and linear until the end of each treatment for nium and phosphate. However, a remarkable increase each size-class both in R. phiiippinarum (r2 > 0.90, p < of nitrate+nitnte concentration (r2 = 0.71, p < 0.05) 0.001) and M. senhousia (r2 > 0.93, p < 0.001). Accordoccurred in the treatment with the smallest size-class ingly, we used the relevant regression lines to express of R. phiiippinarum (size-class I, Fig. 5 ). In all treatthe animal excretion rate as representative of a day ments, ihe sudden increase of nitrate+nitrite during ihe second food spike (i.e. ca 2 pmol in May experiment at 16:OO h and 04:00 h) was ardficial, as due to the medium addition. In the control, we assume that the progressive decrease of nitrate+nitrite concentration was caused by phytoplankton uptake. Such a decrease was indeed most evident after the second spike of food, in the night treatment, when the phytoplankton biomass was doubled (Fig. 5) . The fluxes of nitrogen (N) and phosphorus (P), calculated from the nutrient concentrations at each sampling time, were highly correlated with each other in both Ruditapesphiiippinarum (r2 = 0.841, p < 0.001, n = 29) and Musculisca senhousia (rZ = 0.715, p < 0.001, n = 19) (Fig. 6 ). The N/P mean ratios for R. phdippinarum and M. senhousia were 7.8 I 3.0 and 9.9 i 3.5, respectively.
Estimation of the nutrient excretion by macrozoobenthos in the field
To quantify the regeneration of nutrients through the excretory activity of macrozoobenthos on the tidal flat under investigation, we used for each bivalve species the mean of the 6 (Ruditapes philippinarum) and 4 (Musculisca senhousia) excretion rates obtained in our laboratory experirnents (Table 2 ). According to the temperatures recorded during the field survey (Fig. 3) , we employed these values as representative of the excretion rate by bivalves on the tidal flat during April, May, June and October (Table 3) . At lower and higher temperatures, we corrected the excretion rates obtained in our laboratory experiments to take into account the changes in the physiological energetics of bivalves with temperature (Bayne & Scuilard 1977 , Mann & Glomb 1978 , Nakamura et al. 1988 . For the clam R. phiiippinarum, we calculated the nutrient excretion rates at temperatures other than 20°C based on the results obtained by Goulletquer et al. (1989) , who investigated the temperature-dependent seasonal change of amrnonium excretion rates by R. philippinarum and presented a nonlinear model where the rate of respiration has a maximum value at 20°C. Accordingly, we calcu- (Table 3) . Although changes in nutrient excretion rate by bivalves also occur in relation to reproductive condition and food availability (Bayne 1973 , Mann 1979 , Goulletquer et al. 1989 , Cockcroft 1990 ?), we infer that an additional manipulation of the actual excretion rates would introduce inaccuracy. In addition, we found that the calculation of bivalve excre- tion rates using relatively different factors did not markedly vary the seasonal pattern of anirnal nutrient excretion due to the strong temporal change of bivalve biomass. Thus, using the biomass monthly values found in the field (Fig. 4b) , we estimated the dady excretion rate over a 2 yr period for each nutnent species (Fig. 7) . The highest excretion was that of arnmonium, up to 35.2 mmol m-2 d-', in August 1994. To a lesser but noticeable extent was the excretion of nitrate+nitrite and phosphate. In addition, the temporal fluctuation of nutrient fluxes through excretion was strong, with a 25-fold increase in 1994 (from April to August) and a 12-fold increase in 1995 (from February to September). Nutrient excretion due to bivalve excretion was highest from July to September in 1994 and from August to November in 1995 (Fig. 7) .
Diffusive fluxes from the sediments
The vertical profiles of nutrient concentrations in the porewater showed rather marked distributional and seasonal patterns (Fig. 8) . Ammonium and phosphate tended to increase from the surface (0-0.5 cm) to the 4-5 cm layer and from January (winter) to October (autumn). Concentrations varied from 75.1 (0-0.5 cm, January) to 508 pmol NH4+-N (4-5 cm, October), and from 0.89 (0-0.5 cm, January) to 27.6 pmol P0,3-P (3-4 cm, October). In contrast, nitrate+nitrite concentrations rapidly decreased with depth in all seasons. The highest (9.0 pM) and lowest (0.58 pM) nitrate+nitrite concentrations occurred in October at the surface and in the 4-5 cm layer, respectively. Based on the relevant linear regression line obtained from these vertical profiles (surface sediment to 5 cm depth), we calculated the diffusive fluxes of nutrients. We found no flux for phosphate in April and July and in all seasons for nitrate+ Ruditapes philippinarum Fig. 7 . Temporal change of nutrients excretion by Ruditapes phiiippinarlun and Musculista senhousia in the study area. Arrows: approximate periods when nutnent concentrations in the porewater were measured (Fig. 8) and the diffusive upward flux was calculated ( Langton et al. (1977) and Goulletquer et al. (1989) (Table 5 ). Overall, nitrite (Fig. 8) . As Table 4 summanzes, both biogenic a companson with previous studies on bivalve ammoand diffusive fluxes of ammonium and phosphate were nium excretion indicated that the rates we obtained for low in winter (January) and spring (April), and higher both R. philippinarum and M. senhousia are arnong in summer (July) and autumn (September-October).
the highest recorded in laboratory experiments for Yet, the temporal vanability of the biogenic nutrient clam and mussel species, respectively (Table 5 ). Goulflux was stronger than that of the diffusive flux (i.e. amletquer et al. (1989) also showed that the excretion of monium, Table 4) . organic nitrogen by R. philippinarum may represent a major portion of the total nitrogen excretion. It is accordingly true that, in addition to the direct excre-DISCUSSION tion of ammonium, bactenal mineralization of organic nitrogen produced by the bivalves themselves may The presence of Ruditapes phiiippinarum and Musoccur. Our results for ammonium excretion rates by R. culista senhousia in our study area may be regarded as phiiippinarum, which are within the Same range as a typical feature of bivalve composition in intertidal those reported by Goulletquer et al. (1989) , suggest a and temperate coastal zones of Japan (Ohba 1959 , negligible effect of this process in our experirnents. We Tanaka & Kikuchi 1978, Sekiguchi et al. 1995) . Both R. also infer that bacterial mineralization would have phiiippinarum and M. senhousia have recently gained been increasingly noticeable through the Course of the much attention worldwide. R. philippinarum, a hardincubation, possibly causing a more irregular and/or shelled clam native to Asia and popular in the Japanexponential increase of ammonium concentration ese fishery (Okutani et al. 1985) , has rapidly became toward the end of each treatment. This was not obthe subject of great interest during the last decade in served, but ammonium concentrations rapidly increased mollusk farming in the USA and Europe (Thompson 1995 , Edwards 1997 , Goulletquer & Heral 1997 . M. Table 4 . Extent of calculated nutrient fluxes from the sediments (,mal m-2 d-'): bisenhousia, thin-shelled mytilid also valve excretion (Excr) and diffusional fluxes (Diff) according to the Fick's first law native to Asia. is referred to as an opportunistic species which has invaded vanous intertidal and subtidal soft sediments of the world (Crooks 1996 , Hayward et al. 1997 . Its significant effects on habitat alteration (typically forming compact mat patches) and community levels have been recently highlighted by Creese et al. (1997) and Crooks (1998) . Accordingly, Table 5 .
Companson of nutnent excretion rates by different species of mussels (m) amd clams (C).
Lab: laboratory experiments; field extrapol.: extrapolation of laboratory experirnents to a field cornrnunity situation; AFDW:
ash-free dry weight; WW: excretion rate calculated as a wet weight; 'no or not significant excretion found. nd: not deterrnined after the first 2 h and showed a significant linearity (p < 0.001) until the end of a i l treatments (Fig. 5) . Further, significant differences in ammonium flux between day and night treatments for R. philippinarum (45% higher flux in the day, p < 0.001) would be unlikely to be due to the effect of bacterial activity. In addition, such differences were not significant for M. senhousia, making an effect of bacterial mineralization in our experimental design further unlikely. In the control, ammonium (and phosphate) concentrations remained low, in spite of a high algal biomass in suspension which might have progressively enhanced bacterial activity as well. Table 5 also shows that most previous laboratory studies on the nutrient excretion by clams and mussels have selectively focussed on ammonium. The excretion of nitrate+nitrite by bivalve species has commonly been neglected or found to be not significant (Table 5) . ~o w n w a r d flux (sediment uptake) of nitrate+nitrite is usually observed (Dame & Dankers 1988 , Dame et al. 1991 , Feuillet-Girard et al. 1997 ), related to denitrification and/or nitrate ammonification processes (Trimmer et al. 1998 , Usui et al. 1998 . Occasional release of nitrate+nitnte from the sediments has been related to microbial nitrification (Henriksen et al. 1983 ). In our laboratory experiments, the excretion of nitrate+nitrite by size-classes I1 and I11 of Ruditapes philippinarum and by Musculisca senhousia was not significant or. accounted only for a minor Part of the DIN (dissolved inorganic nitrogen) ( Table 2) . These results are thus in agreement with previous observations on. similarly sized or larger bivalves commonly employed in both laboratory and field experiments. In contra'ct, the smallest size-class of R. phiZippinarum (shell length 9.4 + 1.4 mrn, Table 1 ) excret'ed as much nitrate+nitrite as ammonium ( Table 2 ), suggesting that young populations of R. phiiippinarum can have an important role in supplying both nitrogen species.
Until now little work has investigated the parallel excretion of ammonium and phosphate by intertidal bivalves (limited to 1 dominant species) and presented the relevant N/P stoichiometry . In our experiments, the high amrnonium flux found for both bivalve species and for all size-classes coincided with a highly significant linear increase of phosphate (p < 0.001). The subsequent significant correlation of DIN and P fluxes in both Ruditapes philippinarum and Musculisca senhousia (p < 0.001) (Fig. 6 ) demonstrated that these bivalve species are able to recycle rapidly and efficiently the dissolved forms of 2 major bioelements such as nitrogen and phosphorus.
It can be also noted that most laboratory and in situ measurements of macrozoobenthos excretion rate have been conducted over short period incubations (i.e. 1 to 2 h) (Nakamura et al. 1988 , Gardner et al. 1993 . Even on longer incubdtions (Kiibus & Kautsky 1996 , Asmus et al. 1998 , the difference between Start and end values has been used to calculate the animal excretion rate. As such, the field-relevant excretory potential rate of each macrozoobenthos species might not be quantified. This may '&so represent a rnajor drawback in applying the results to a field (24 h) situation, thus limiting the quantification of animal excretion on a hourly basis. To prevent these limitations, we extended our laboratory expenments over a period (10 h) which was representative of the duration of sediment submersion in the field (10 h). During each incubation, we collected, at regular intervals, several samples to allow a more reliable quantification of bivalve excretion on a daily basis. This also allowed us to verify possible differences in bivalve nutrient excretion rates between day and night. This aspect has. also seldom been considered before, but the higher excretion of ammonium during the day by R. phiiippinarum strongly suggests a day/night (light/dark) influence on the excretory activity by R. philippinarum which will need further investigation.
Overall, much work on the nutrient excretion by bivalves has been carried out through laboratory expenments (Table 5 ). Relatively few studies have been extrapolated .to populations of animals. The abovementioned difficulties in extrapolating short-period incubation data on bivalve excretion rates to a field situation have been further complicated by a considerable lack of extended information on the distribution of natural populations of macrozoobenthos. In intertidal zones, major results with regard to this aspect have been obtained on mussel beds of Mytilus eduiis (Dame & Dankers 1988 , Pnns & Smaal1994, Smaal & Zurburg 1997 and oyster reefs of Crassostrea virginica (Dame et al. 1984) and C. gigas (Smaal & Zurburg 1997) using in situ open-flow tunnels. The ammonium excretion by mussel beds of M. eduiis was 2.7 to 7.8 mmol m-2 h-' (37.8 to 109 mmol m-2 d-') in the western Wadden Sea, The Netherlands (Dame & Dankers 1988 ), 1 mmol m-2 h-' (20 mmol m-2 d-') in Marennes Oleron, south-west France (Smaal & Zurburg 1997) , and 1 to 3.7 mmol m-2 h-' (18 to 66.6 mmol m-2 d-') in the Western Scheldt, The Netherlands . These values are among. the highest for ammonium release from intertidal sediments due to animal excretion. In these experiments dense assemblages of mussels were employed whose biomass varied from 511-899 g AFDW (ash-free dry weight) m-2 (Smaal & Zurburg 1997) to 890-2190 g AFDW m-2 . It can be argued that these biomass values are much higher than those otherwise commonly reported for natural populations of intertidal macrozoobenthos. In Balgzand, west-ern Wadden Sea, the macrozoobenthic biomass vanes between 30 and 50 g AFDW m-2 (Beukema 1992) ; in Arcachon Bay, south-west France, it ranges between 11.5 and 22.8 g DW m-2 (Castel et al. 1989 , Bachelet & Dauvin 1993 . It can be inferred that the excretion rates obtained in the above-mentioned field experiments wouid represent the maximum potential release of nutnents by intertidal macrozoobenthos. In our study, the biomass of Ruditapes phiiippinarum and Musculisca senhousia (annual mean 71.3 g DW m-2) was much lower than that of dense assemblages of M. edulis. However, it was > 5 times higher than the mean biomass of macrozoobenthos in the Seto Inland Sea, estimated as 56.1 g WW m-2 (Hashimoto et al. 1997) . Combining the information gained from our field survey and the laboratory experiments, our estimation of ammonium excretion by M. senhousia and R. philippinarum was up to 1217 and 545 p o l m-2 h-', respectively (August 1994) . This corresponded to an ammonium excretion rate of 35.2 mmol rn-' d-' (Fig. 7) , thus comparable to the highest releases of arnrnonium reported for mussel beds and oyster reefs. Such high biogenic ammonium regeneration, well balanced by that of phosphate (Fig. 6 ), will have a major impact on primary producers, such as microphytobenthos (Magni & Montani 1997) , within the intertidal zone. We might further speculate that regenerated N and P by macrozoobenthos might be also an important source of nutnents to macroalgae (Ulva sp.), which rapidly and massively develop in our study area during the irradiated and warm period .
The temporal change of the biomass of Ruditapes philippinarum and Musculisca senhousia (Fig. 4b) indicated that the release of nutrients by natural populations of intertidal macrozoobenthos may vary strongly through the year (Fig. 7) . The present study and our associated work point to the high degree of variability in these systems (Magni & Montani 1997 . It is true that extrapolating controlled laboratory measurements to populations of animals in the field rnight involve some limitations. For instance, the seasonal vanation in the composition and availability of algal material will differently affect bivalve condition and performance, i.e. physiological state (Goulletquer et al. 1989 ) and filtration rates (Pnns et al. 1994 ). In our experiments, algal food was offered in spikes to ensure a good performance by the experimental animals. The amount of algal food used in these experiments was field relevant in order to give further significance to our extrapolation of laboratory measurements to field populations. In a n associated piece of work conducted along a tidal creek on the intertidal Zone of the present study area, we investigated the seasonal patterns of nutrients and particulate compounds over the Same 2 yr penod (Magni & Montani 2000) . The algal biomass offered to the experimental animals (water temperature 20 to 22°C) was based on our field observations and approximated for a spring-summer (i.e. May to October, mean water temperature 23.5 4.2"C) algal content (Magni & Montani 2000) . We found that both photosynthetic pigment (chl a and pheopigments) and particuiate organic carbon (POC) contents were 3 to 4 times lower dunng the cold penod (i.e. November to April, mean water temperature 10.4 4.4"C) (Magni & Montani 2000) . This implies that the extent of the temporal scaling of biogenic nutrient flux from the sediments due to bivalve excretion might be even greater in relation to potential food Limitation, as well as loss of body mass (Fig. 21, in winter. On the other hand, the temporal distribution of macrozoobenthos was large enough to limit potential confounding factors in extrapolating laboratory measurements to field populations due to additional field variables, such as seasonal vanation of food avaiiability.
Our laboratory experiments and temporal scaling of bivalve excretion were restncted to the inorganic forms of nitrogen [NH4+-N and (NO3-+NO2-)-NI and phosphorus ( P 0 4 3 --~) .
Previous studies indicated that dissolved organic nitrogen (DON) is also an important product of macrozoobenthos excretion. Cockcroft (1990) found that ammonium and amino acids constituted 75 and 25 % of the total dissolved nitrogen (TDN) excreted by the bivalves Donax spp., respectively. Lomstein et al. (1989) demonstrated that a high macrofaunal biomass was correlated with high rates of gross Urea production, high concentrations of Urea and ammonium, and high sediment-water exchange rates of Urea and ammonium. They found that the flux of Urea from samples collected during 2 cruises accounted for 47 % in Benng Shelf-Anadyr sediment and 70% in Alaska Coastal sediment of the total Urea + NH,+ + NO3-+ NO2-flux from the sediment. Goulletquer et al. (1989) investigated the excretion of organic nitrogen (urea + amino acids) and NH4+ by experimental individuals of Ruditapes philippinarum on a seasonal basis. They found that the contnbution of Urea + amino acid excretion to the total Urea + amino acids + NH4+ vaned widely through the year from ca 40 to 90 %. Our quantification of macrofaunal excretory flux highlighted that extended field surveys on the animal standing stock and its temporal distribution should be considered of primary relevance when studying the contnbution of macrozoobenthos to the processes of nutnent regeneration, in addition to the vanation in excretion rate due to seasonal cycles of garnetogenesis, storage and utilization of body reserves (Bayne 1973 , Mann 1979 , Goulletquer et al. 1989 , Cockcroft 1990 . Such vanabihty will also play a major role in determining the quantitative relevance of the seasonal variation of inorganic (i.e. amrnonium) and organic (i.e. urea) nitrogen forms denving from bivalve excretion, which has been shown to vary to different extents through the year (Boucher & BoucherRodoni 1988 , Goulletquer et al. 1989 .
To evaluate the relative contnbution of macrozoobenthos excretion to the fluxes of nutnents from the sediments several approaches and explanations have been presented. Pnns calculated the ammonium excretion by mussels in a Benthic Ecosystem Tunnel by the difference between the total nutnent fluxes and the activity of mussel beds. This accounted for 17 to 94 % and 31 to 85 % of the ammonium and phosphate, respectively. In mesocosm experiments, Doenng et al. (1987) found that the level of flux was elevated in the presence of Mercenaria mercenaria by 57% for ammonium. Boucher & BoucherRodoni (1988) estirnated that oyster beds contnbuted to an average of 37 % of the ammonium flux. In our study, both the biogenic flux from the sediments due to animal excretion (Fig. 7) and the nutnent concentrations in the porewater (Fig. 8) showed a marked seasonal Pattern. Recently, Reush & Wiiliams (1998) demonstrated a positive relationship between sediment ammonium concentration and Musculisca senhousia density in a sandy subtidal Zone in San Diego Bay. Our subsequent paper will focus on this aspect and assess the relationship between the temporal vanability of macrozoobenthic communities and that of nutnent concentrations in the porewater in our study area (Magni et al. unpubl.) . In the present study, our Fickian flux calculations were made from nutnent porewater gradients using a conventional method (i.e. conng/ centnfugation) at a resolution of 0.5 to 1 cm depth honzons. We acknowledge that the low resolution of our calculations is likely to lead to an underestimation of in situ diffusive flux due to smaller scale local events, e.g. burrow channelling of surface water to depth, which can be more properly evaluated with high-resolution porewater profiles provided, for instance, by gel probe sampling (Mortimer et al. 1999) . In addition, the high vanability of these systems, i.e. tidal currents and wind-generated waves (Nakamura 1994 , Miller-Way & Twilley 1996 , Asmus et al. 1998 , may enhance the upward diffusive flux of nutrients, thus making it difficult to directly apply our results to a particular and realtime condition. Accordingly, we did not attempt to compare individual calculated diffusive flux values with bivalve excretion not directly measured but extrapolated from laboratory expenments. Our results suggest, for our study area, a larger extent of the temporal vanability of nutnent flux due to animal excretion than that due to molecular diffusion calculated from the nutnent concentrations in the porewater (i.e. ammonium, Table 4 ). In addition, we found that both nutnent concentrations in the porewater and the extent of nutnent regeneration through diffusive flux in our study area were quite comparable to those reported for adjacent intertidal andcoastal areas where in situ benthic chambers have been used (Kuwae et al. 1998 ) and the effect of tidal exchange taken into acCount (Matsukawa et al. 1987 ). In the eutrophic Seto Inland Sea, where the tidal flat of the present study is located, the benthic fluxes of nitrogen and phosphorus reportedly range from 0.242 to 1.00 mmol m-2 d-' and from 0.009 to 0.045 mmol m-2 d-', respectively (Yamamoto et al. 1998) . In Aburatsubo Bay, a semienclosed inlet adjacent to Tokyo Bay, N and P fluxes range from 0.210 to 1.49 mmol m-2 d-' and from 0.008 to 0.031 mmol m-2 d-', respectively (Takayanagi & Yamada 1999) . Sirnilar values are reported from other intertidal flats of Japan (Matsukawa et al. 1987 , Kuwae et al. 1998 . Whereas little information about the distnbution of macrozoobenthos and no data regarding their relevant rates of nutnent excretion were given, the major impact of biogenic flux on the total nutnent flux was strongly suggested. For instance, Kuwae et al. (1998) found on an intertidal sand flat of Tokyo Bay that the diffusive flux obtained by the ammonium profile explained only 22% of the source flux directly measured in the dark (1.1 mmol m-2 d-'). They hypothesized that bioturbation or excretion by macrozoobenthos, dorninated by the polychaetes Armandia sp. and Ruditapes philippinarum, greatly contnbuted to the ' exchange flux. The present study indicates that the effect of nutnent biogenic flux may indeed have major relevance in the cycling of N and P both in intertidal zones (Matsukawa et al. 1987 , Kuwae et al. 1998 ) and in eutrophic coastal waters, such as the Seto Inland Sea (Yamamoto et al. 1998 ). In addition, our results pointed to the strong and direct influence of the temporal fluctuation of animal biomass on the benthic biogenic regeneration of N and P. We conclude that in our study area .the dominant bivalve species R. philippinarum and M. senhousia play a primary role in the year-round processes of benthic nutnent regeneration and thus act as a major factor supporting primary producers within the intertidal Zone.
